In this paper, an innovative method to create embedded microchannels is presented. The presented technology is based on a direct-write technique using a scanning laser system to pattern a single layered SU-8. The enormous flexibility of the scanning laser system can be seen in two key features: the laser pulsing can be controlled spot-by-spot with variable exposure doses, and the laser intensity penetrating into samples can be adjusted by varying the laser focus level. The UV laser direct-write method greatly simplifies the fabrication processes. Moreover, it can be set up in a conventional manufacturing environment without the need for clean room facilities. The second part of this paper describes the underlying theory and method to determine Young's modulus of exposed SU-8 by using a laser acoustic microscopy system. The laser-based ultrasonic technique offers a non-contact, non-destructive means of evaluation and material characterization. This paper will determine Young's modulus of UV exposed SU-8 generated with different exposure doses. Measurements show that Young's modulus is highly dependent on exposure dose. Young's modulus ranges from 3.8 to 5.4 GPa when the thickness of a fully cross-linked SU-8 microbeam varies from 100 to 205 µm with a gradually increased UV exposure dose.
Introduction
Recently, the need to manipulate fluids moving in buried microchannels (microfluidics) has stimulated several new research areas, such as the study of the fundamental behaviour of fluids in microchannels [1] , the implementation of novel components for the assembly of complex microfluidic devices and the development of new microfabrication techniques for fluidic systems. Several conventional methods have been successfully used to fabricate buried microchannels such as wafer-bonding sealing of bulk etched channels, sacrificial layer etching and deposition sealing and electroplating with thick photoresist sacrificial moulds [2] [3] [4] [5] [6] . The use of SU-8 in the fabrication of buried microchannels by photolithographic technology presents advantages for easy manufacturing of high aspect ratio microstructures and gives the possibility of creating a transparent work space allowing for observation. Furthermore, SU-8 has good mechanical properties and chemical resistance. It is also a biologically benign material. It is, therefore, suitable for a variety of microsystems such as µTAS and microfluidic systems.
By using the SU-8 material, there are at least five major fabrication methods that have been reported for forming embedded microchannels. The first technique is to employ SU-8 together with a filling material to form a buried channel [7] ; the second method applies a metal mask to protect the SU-8 layer from the second exposure so as to form a channel space [7] . In the third method, laminated SU-8 resist and a Rison film [8] are adopted, whereas in the fourth method, a proton beam is applied to partially expose the SU-8 layer [9] ; both third and fourth methods thereby allow a buried channel to be created on a chip. Last but not least, a dosage-controlled UV exposure is used in the fifth method; an anti-reflection coating is designed on the bottom surface of the substrate to prevent the SU-8 from exposure to the reflected UV-light [10] . Unfortunately, all the aforementioned microfabrication methods involve multiple deposition and photolithography steps or require expensive facilities and equipment. Therefore, they have limited applicability in disposable microdevices for the emerging laboratories-on-achip applications. Given that the UV transmission of SU-8 resist in the range of 320-380 nm is high, it has been claimed that the desired height of an embedded microchannel is very difficult to obtain by partial exposure since the bottom of the microchannel is usually exposed to the reflected UV light from the interface between the photoresist and substrate. As a result, such fabricated channels often collapse due to insufficient exposure dosage or fill-up due to the reflected UV light with normal exposure dosage, and therefore they are difficult to fabricate. It was reported that the process window for channel formation is too narrow to be manipulated [10] . However, the aforementioned processes are fundamentally limited by the third dimension (perpendicular to the surface) processing capability, for example, uniform etch depth in the third dimension. Recently, embedded channels manufactured by multi-step inclined exposure on SU-8, i.e. the sample is mounted on a x-y-z-θ stage and subjected to sequential laser writing by rotating the stage at various angles, have also been demonstrated [11, 12] . The inclined UV lithography has the potential to produce high precision structures with simple equipment, but it has limits in the shapes it can make. This paper introduces an innovative 3D manufacturing approach to the rapid processing of embedded microchannels by using a scanning laser system. With our developed 'maskless' laser scanning system, the embedded microchannels can be readily obtained in a single layered SU-8 film. The flexibility of the UV laser direct-write system allows the exposure dose to be adjusted by changing the laser pump diode current or the laser repetition rate. This technique takes advantage of this flexibility of the laser system and the non-uniform distribution of laser intensity along its focus level. In other words, the laser intensity that penetrates into a sample can be adjusted by changing the exposure dose or by varying the laser focus level. This innovative laser manufacturing technique spawns a 3D fabrication methodology that has generic value in controlling the indepth laser manufacturing process precisely and quantitatively.
The fabrication process is also extremely versatile. The presented method can be easily adapted to the fabrication of other 3D microstructures/microdevices. In addition, the new fabrication process provides the capability to generate flexible freeform structures using CAD, which greatly reduces the development cycle, potentially reaching hours or less designto-fabrication turnaround time.
The mechanical properties of UV exposed SU-8 are also studied in this paper. The properties of SU-8 are very sensitive to its processing conditions, which include exposure dose, post-exposure bake (PEB) time and PEB temperature [13] . However, only a few studies have been performed to determine the effects of processing conditions on the mechanical properties of SU-8. The dependence of Young's modulus of proton exposed SU-8 on the exposure dose was studied by using a surface profiler to measure the stylus load and microstructure deflection. From the load-deflection data acquired during bending, the elastic modulus of SU-8 was determined [9] . Recently, the effects of exposure dose, PEB time and PEB temperature on the mechanical properties of UV exposed SU-8 have been characterized [13] . Young's moduli of specimens were evaluated through tensile tests by using an Instron tensor tester with a 1 kN load cell. However, this tensile testing method failed to provide localized information. Moreover, in the above two methods the exposed SU-8 film thicknesses were fixed at 21 and 130 µm, respectively. The increase in exposure dose was only going to fully cross-link SU-8 to a fixed depth instead of increasing the penetrating depth into the polymer. However, the optimal dose for a certain thickness SU-8 films should be within a rather narrow range. When the dose is too low, the resist will cross-link only partially and, consequently, the freestanding microstructures, such as cantilevers, will collapse onto the substrate.
In this paper, as a starting point, Young's moduli of double-clamped SU-8 microbeams with different beam thicknesses are determined by using a laser acoustic microscopy system. The laser-based ultrasonic technique offers a non-contact, non-destructive means of evaluation and localized material characterization. Since the UV exposed SU-8 microbeams with various film thicknesses are generated by using different UV exposure doses, there exists a relationship between Young's modulus of UV exposed SU-8 and the exposure dose.
Concept and fabrication

Experimental apparatus
The experimental apparatus consists of a pulsed Nd:YAG laser directed through a two-axis scan head as shown in figure 1 . A diode-pumped, high repetition rate (∼100 kHz), third harmonic Nd:YAG laser with a wavelength of 355 nm is used as the light source. The laser produces a maximum average power larger than 400 mW at 20 kHz via a Q-switching modulus with pulse duration of less than 10 ns. The time delay between two successive pulses varies from 25 to 50 µs. The output energy can be adjusted by varying the laser pump diode current or by altering the laser repetition rate. Figure 2 shows the average laser power versus the repetition rate and diode current. An x-y-z-θ stage is built to translate a sample with four degreesof-freedom. The laser light is directed through a two-axis scan head before it reaches a specimen mounted on the stage. The orthogonal arrangement of two mirrors (x and y mirrors) inside the two-axis scanner directs the beam down toward the specimen and over the length and width of the scan field with a focus length of 160 mm. Field distortion is compensated for with an F-Theta lens after the two-mirror system which enables both a large scan field (100 × 100 mm 2 ) and a small spot size (∼12 µm). The desired micropatterns are generated by ScanWare laser scanning control software which is developed by Nutfield Technology.
An auxiliary alignment system with a red laser is employed for multi-level processing.
The alignment procedure is as follows: an alignment mark is first permanently carved on a specimen by using pulsed laser writing. A cross pattern is then generated by the red laser and aligned with the mark by adjusting the red laser system. After that the specimen can be unloaded from the stage for additional processing. Whenever the specimen is reloaded on the stage, its position can be adjusted to align the mark with the cross pattern generated by the red alignment laser. In such a way, specimens can be easily unloaded and reloaded on the stage for sequential laser processing. As further described in this paper, this approach works for both front-to-front and frontto-backside alignments for multi-layer processing.
Fabrication of embedded microchannels
The laser scanning system enables a 2D map to be specified, determining the area over which the posts and freestanding beams of embedded channels will be scanned. A typical fabrication process of embedded microchannels is illustrated in figure 3 . The steps can be summarized as follows: a glass or silicon substrate is first prepared by piranha cleaning process for 10 min. A layer of SU-8 resist is then spin coated onto the substrate and soft baked. After that, the sample is exposed to UV beams of two different energy levels such that the depths of the polymer cross-linking are different. The posts are written by an on-focus, high exposure dose laser pulse, which can penetrate through the whole SU-8 layer while stopping at the supporting substrate. The beams are written by an out-offocus, low exposure dose laser pulse, thereby allowing the formation of freestanding microbeam structures after PEB and development. The alignment of the two exposures in resist is achieved by aligning the two patterns in the ScanWare laser scanning control software. The developing process is carried out in an ultrasonic bath with mild agitation. The pattern becomes clear very quickly, typically in a few minutes. After developing, an embedded microchannel is formed, as can be seen in figure 3(c) . The manufacturing of freestanding microbeams with controlled thickness can be carried out in different ways. One could either change the UV exposure dose and keep the laser focus level the same, change the laser focus level and keep the UV exposure dose the same, or change both of them simultaneously. In our set-up, at a laser pump diode current of 15 A and a laser repetition rate of 20 kHz, the photoresist can be completely exposed to make the supporting anchors. The out-of-focus, low exposure dose creates the microbeams. SU-8 on glass substrates. In particular, figure 5 demonstrates the controlled microbeam thickness when we gradually increase the UV dosage. The parameters for laser pulsing in these three conditions are: 14 A, 200 kHz; 14 A, 60 kHz and 14 A, 40 kHz; in all the cases, the focus levels are fixed at a distance of 1 mm away from the laser focus point. The one-layer cantilever beams that were manufactured by laser pulsing at different focus levels are also demonstrated in figure 6 . Microcantilevers with different beam thicknesses are fabricated by moving the specimens out of focus step by step, with each step being 1 mm, while the laser diode current remains 14 A and laser repetition rate remains 30 kHz for both samples. Specifically, the out-of-focus distance is 1 mm in figure 6 (b) and 2 mm in figure 6(c). An undercut profile shows up at the end of each cantilever because the UV exposure dose is greater at the surface than at the bottom, forming more insoluble products at the resist surface than at the bottom. These types of freestanding microstructures have a wide range of applications, especially when microfluidic systems become widespread in chemical, biochemical and biological fields; manufacturing methods for fluidic structures must be low-cost or even disposable if possible. Moreover, systems are required to be compatible with organic solvents for synthesis or analysis of organic compounds. Currently, many microfluidic devices are fabricated in silicon or glass. Silicon is selected as the substrate for these devices because its processing techniques are well developed and it allows for the fabrication of fully integrated structures. In a microfluidic device, fluidic channels can require large depths up to 500 µm in order to minimize pressure drops in reactors. Those microchannels are typically achieved either by deep reactive ion etching (DRIE) of silicon or by using LIGA to produce structures in metal. In both cases, access to specialized equipment (a deep reactive ion etcher and an x-ray synchrotron source) is required, which limits the wide application of these techniques in microfluidic systems. The construction of microfluidic devices in glass is widely practiced but is limited by the lack of DRIE chemistry for glass. Nowadays, the examples of building SU-8-based microfluidic devices with embedded microchannels have been well established [14] [15] [16] .
Applications
A microfluidic device with embedded microchannels, reservoirs and integrated electrostatic regulators has been manufactured in a single layered SU-8 film as shown in figure 7 . The thickness of the single layered SU-8 film is about 240 µm. Four embedded microchannels are fabricated with reservoirs at the ends of channels. Each channel is around 1.3 mm long, 400 µm wide and 200 µm deep. As shown in figure 8 , the fabrication process starts with piranha cleaning a glass substrate for 10 min. HMDS is then applied by spin coating at 900 rpm for 5 s, followed by 4000 rpm for 60 s. After that, Shipley 1818 resist is spin coated at 3000 rpm for 45 s. The resist is soft baked on a hotplate at 95
• C for 1 min, and the sample is allowed to cool down to room temperature. The resist is then exposed by using the laser direct-write system from the backside of the glass substrate for creating reentrant microstructures with the laser pump diode current at 15 A and laser repetition rate at 30 kHz. The specimen is unloaded and the resist is developed in MF319 for 1 min. After the specimen is hard baked for 3 min at 120
• C, a thin film of Au (∼700 nm) is sputter coated on the patterned resist. Acetone is applied to strip the resist and bottom electrodes are formed. We continue by spin coating a layer of ∼240 µm thick SU-8 onto the glass substrate with bottom electrodes. The SU-8 resist is then soft baked and subjected to laser pulsing at various focus levels from the front side to form various microstructures such as embedded microchannels, reservoirs, microbeams of regulators. Following the PEB and developing of SU-8, a thin layer of negative photoresist (NR7-1500PY, Futurrex, Inc.) is spin coated. The negative resist is patterned by laser pulsing from the front side of the glass substrate. After that another thin film of Au (∼700 nm) is sputter coated on the patterned negative resist. Finally, acetone is applied to strip the resist and top electrodes are formed.
For a voltage-controlled parallel-plate electrostatic regulator, the threshold voltage to pull the freestanding beam down and shut off the fluid flow is called the pull-in voltage and is given by [17] V PI = 8kg 3 0 27εA (1) where g 0 is the initial spacing between the beam and substrate, A is the area of the beam (A = wl), k is the effective spring constant of the double-clamped beam, and
where t, w and l are the thickness, width and length of the beam, respectively. Thus
The pull-in voltage is independent of the beam width. In our design, the initial gap between the beam and substrate is around 160 µm; the length and thickness of a freestanding beam are about 1.5 mm and 80 µm, respectively. Assuming that Young's modulus of SU-8 is 4 GPa or so and the permittivity of air ε is 8.8542 × 10
, the calculated pull-in voltage is ∼29.8 × 10
3 V. Figure 9 shows the performance measurement of an electrostatic regulator by using a Wyko profiler meter when we apply a dc voltage to the two electrodes of a regulator. The applied voltage ranges from 0 to 600 V. The comparison of the patterns generated under 0 and 540 V shows that the beam has a slight movement toward the substrate.
Determining Young's modulus of UV exposed SU-8
Laser-based ultrasonic technique
The laser-based ultrasonic technique offers a non-contact, non-destructive means of material characterization [18] . In this technique, the material under investigation is illuminated with a laser source, causing local heating and launching acoustic waves that propagate through the specimen. The surface displacement associated with the generated signal, after propagating some distance in the specimen, is detected using an optical probe. Through the measurement of the velocity, dispersion, scattering and attenuation of the acoustic waves, the physical and/or mechanical properties of the material can be determined. In this work, Young's moduli of SU-8 microbeams manufactured with different exposure doses are evaluated by using the laser acoustic microscopy system shown in figure 10 .
The laser acoustic microscopy system consists of three optical paths that lead to the sample surface through the same long working distance objective (numerical aperture = 0.4). The first optical path delivers the collimated generation laser to the sample surface. The generation laser is a 600 ps Nd:YAG laser with a pulse energy of 10 µJ at a wavelength of 1064 nm. The energy of the generation laser is attenuated to prevent excessive heating of the sample surface. The generation laser can be scanned across the surface with a resolution of 50 nm by means of a scanning mirror and imaging lenses as shown in the schematic. The second optical path consists of a path stabilized Michelson interferometer. In this path, the detection laser is delivered to the microscope through a single mode optical fibre and collimation lens, and directed to a beam splitter where it is divided into signal and reference beams. The reference beam reflects off a mirror mounted on an actuator, and is sent to a photodiode with a 1 GHz bandwidth. The signal beam is sent to the sample surface and, upon reflection, returns back through the beam splitter and interferes with the reference beam at the photodiode. The detection laser is a 200 mW frequency doubled Nd:YAG laser with a wavelength of 532 nm. The actuator on the reference path is used to adjust the path length difference between the reference and signal paths such that the sensitivity of the interferometer is optimized for the detection of small displacements. The third optical path consists of an optical microscope used for optical imaging of the sample surface, and alignment of the generation and detection beams within the field of view of the microscope. In this path, reflected light from the sample surface is collected by the long working distance objective and delivered to a CCD camera through the tube lens. The laser acoustic microscopy system allows for local inspection of material properties within the field of view of the microscope (1.25 mm).
Theory for determination of Young's modulus of UV exposed SU-8
The laser ultrasonic inspection system is used to generate and detect surface acoustic waves (SAWs) for microbeam inspection. The velocity spectrum of SAWs in the microbeams is related to their effective elastic moduli. In general, SAWs are confined to propagate in the near-surface region of a material, and the penetration depth is on the order of the wavelength. SAWs propagating in a homogeneous isotropic and semi-infinite material are non-dispersive. They propagate with the same velocity regardless of wavelength, exhibiting a flat velocity spectrum because the elastic properties of the material do not vary with depth. In a coating/substrate system, on the other hand, the velocity spectrum is a function of wavelength. The basic principle is illustrated in figure 11 . Long wavelength, low frequency SAWs have large penetration depths and are very sensitive to the mechanical properties (elastic modulus, Poisson's ratio and density) of the substrate. Short wavelength, high frequency SAWs have small penetration depths that are comparable with the coating thickness, and the elastic properties of the coating dominate. The wavelength-dependent velocity characteristics (dispersion) of SAWs can be used to determine the mechanical properties of the coating or substrate. Figure 12 shows a typical velocity spectrum of the fundamental mode of a laser generated SAW in a SU-8 freestanding microbeam with a 200 nm thick Au coating on the top surface. In practice, the Au layer is deposited to facilitate the laser ultrasonic measurements; it acts as an absorbing layer at the generation laser wavelength (1064 nm) and as a reflecting layer at the detection laser wavelength (532 nm). The elastic modulus of the coating is 81.3 GPa, its Poisson's ratio is 0.42 and its density is 19.3 kg m . The elastic modulus of the substrate is 5.0 GPa, its Poisson's ratio is 0.22 and its density is 1.16 kg m −3 . The dispersion curve starts at the SAW velocity of the substrate V 1 = 1.22 mm µs −1 , at low frequencies (long wavelengths), and decreases toward the velocity of the coating at higher frequencies. Figure 13 . Velocity spectrum in a 148 µm thick SU-8 microbeam coated with a 200 nm thick Au film.
Experimental results
The dispersion behaviour of SAWs is used to determine the elastic modulus of the SU-8 microbeams. A 200 nm thick Au film is first sputter coated on SU-8 microbeams. Time domain waveforms are obtained on samples at various sourceto-receiver distances. The candidate SU-8 microbeams in this investigation are 100 µm, 148 µm and 205 µm thick, respectively, as seen in figures 5(a)-(c). The experimental waveforms obtained were processed to determine the velocity spectrum of the SAWs in the samples. The data were subsequently fitted to a theoretical model [19] , and a minimization algorithm was used to determine the elastic moduli. The Au/SU-8 microbeam was modelled as an isotropic coating on an isotropic, semi-infinite substrate. The experimental data were fitted over the frequency range of 20-50 MHz, where the highest signal-to-noise ratio was obtained. In addition, the elastic properties of the gold coating were assumed to be the same as the bulk values [20] . Poisson's ratio and the density of the microbeams were assumed to be 0.22 and 1.160 kg m −3
, and invariant with the microbeam thickness. The fitted and experimental dispersion curves for the case of a 148 µm thick SU-8 microbeam with a 200 nm thick Au film coated on the top surface are shown in figure 13 . The estimates of the elastic moduli of the 100 µm, 148 µm and 205 µm thick microbeams obtained are 3.8 GPa, 4.5 GPa and 5.4 GPa, respectively. The value of the elastic modulus for the 100 µm thick microbeam is lower than the accepted values for SU-8, and this could be due to the lower signal-to-noise ratio on the experimental dispersion curve for this case, compared to that obtained for both 148 µm and 205 µm cases. The above results indicate that in order to obtain a stiffer SU-8 film, the film must have a higher UV dose (assuming that the geometry of the film is the same).
Discussions and conclusions
A method for the fabrication of embedded microchannels based on a scanning laser direct-write technique has been presented. It allows for the manufacture of embedded microchannels with various heights in a single layered SU-8. This method offers enormous flexibility, and the fabrication process is extremely versatile-an apparatus has been built for the alignment of multiple exposures, enabling the manufacture of large numbers of complex microstructures and microdevices. This technique presents environmental benefits as it does not involve any toxic chemicals, nor does it produce any toxic gases. Furthermore, it also greatly simplifies the fabrication processes, potentially reducing the designto-fabrication turnaround time to hours or less. Using this laser direct-write technique, various 3D microstructures can be fabricated and applied to many fields.
The technique we proposed, however, has its own limitations, such as the difficulty of fabricating microstructures with vertical walls, the difficulty of fine tuning the beam thickness and the relatively little success in the fabrication of microstructures in which feature sizes are very small and/or where accurate multiple exposure alignment steps are required. In addition, the length of the embedded channel cannot be too long in order to develop the SU-8 underneath the channel while obtaining a beam of uniform thickness; also, the width of the channel cannot be too narrow, i.e. smaller than 40 µm.
As a structural material, the properties of UV exposed SU-8 are very sensitive to the processing conditions, which include the exposure dose, PEB time and PEB temperature. Young's moduli of SU-8 microbeams generated with different exposure doses have been studied by using a laser-based ultrasonic technique in this paper. This technique offers a non-contact, non-destructive means of evaluation and material characterization. Measurements show that Young's modulus is highly dependent on the exposure dose. Young's modulus ranges from 3.8 GPa to 5.4 GPa when the thickness of a fully cross-linked SU-8 microbeam varies from 100 µm to 205 µm with a gradually increased UV exposure dose. A more complete characterization of the mechanical properties will be researched in the future.
